AAK-2 is one of two ␣ isoforms of the AMP-activated protein kinase in Caenorhabditis elegans and is involved in life span maintenance, stress responses, and germ cell cycle arrest upon dauer entry. We found that AAK-2 was phosphorylated at threonine 243 in response to paraquat treatment and that this phosphorylation depends on PAR-4, the C. elegans LKB1 homologue. Both aak-2 mutation and par-4 knockdown increased the sensitivity of C. elegans worms to paraquat, and the double deficiency did not further increase sensitivity, indicating that aak-2 and par-4 act in a linear pathway. Both mutations also slowed body bending during locomotion and failed to reduce head oscillation in response to anterior touch. Consistent with this abnormal motility and behavioral response, expression of the AAK-2::green fluorescent protein fusion protein was observed in the ventral cord, some neurons, body wall muscle, pharynx, vulva, somatic gonad, and excretory cell. Our study suggests that AMPK can influence the behavior of C. elegans worms in addition to its well known function in metabolic control.
activated by the anti-diabetic drug metformin and by resveratrol, a health supplement derived from grapes (3) (4) (5) .
AMPK is composed of three subunits: the ␣ catalytic subunit and the ␤ and ␥ regulatory subunits. In mammals there are two ␣, two ␤, and three ␥ isoforms. In ␣2 knock-out mice, insulin secretion is attenuated and resistance to insulin is induced in peripheral tissues (6) . In contrast, ␣1 knock-out mice do not show a phenotype. In Drosophila melanogaster, a deletion of the single AMPK ␣ gene results in lethality, with severe abnormalities in cell polarity and mitosis (7) . The role of AMPK in epithelial cell polarity has also been observed in a Madin-Darby canine kidney cell line (8) . Caenorhabditis elegans encodes two catalytic subunits, namely aak-1 and aak-2. Although no phenotype was reported for aak-1, an aak-2 mutation was found to result in reduced life span and hypersensitivity to heat shock and to a mitochondrial poison (9) . However, both AAK-1 and AAK-2 are needed in conjunction with DAF-18(PTEN) to inhibit germ line cell proliferation during dauer development (10) . The AAK kinase-mediated inhibition of germ cell proliferation is reminiscent of the observation that AMPK induces G 1 arrest by phosphorylating p53 in mouse embryonic fibroblasts after exposure to a low glucose level (11) .
Mammalian LKB1 kinase, a deficiency in which is associated with Peutz-Jeghers syndrome, a disease that shows increased susceptibility to certain cancers (12) , and its Drosophila homologue are the major upstream Ser/Thr kinases acting on AMPK (7, 8, (13) (14) (15) (16) . In addition, the ␤ isoform of Ca 2ϩ /calmodulindependent protein kinase kinase ␤ also phosphorylates and activates AMPK in mammalian cells (17, 18) . In this study, we demonstrate that the C. elegans homologue of LKB1, PAR-4, is the upstream kinase of the AAK-2 AMPK ␣ subunit and that PAR-4 and AAK-2 deficiency sensitizes worms to oxidative stress. In addition, par-4 depletion and aak-2 mutations reduce worm motility and affect behavioral response. In agreement with these phenotypes, AAK-2 is expressed in neurons and muscle cells.
EXPERIMENTAL PROCEDURES
Strains and Culture Conditions-Wild-type N2, aak-2(ok524), aak-2(rr48), par-4(it57), and par-4(it47) C. elegans strains were obtained from the Caenorhabditis Genetics Center (Minneapolis, MN). The aak-2(gt33) deletion mutant was gen-erated by random mutagenesis using UV-activated trimethylpsoralen (19) . The ok524 allele has a 408-bp deletion (from nucleotide 180 of Exon 3 to nucleotide 118 of Intron 3), and the gt33 allele has a 606-bp deletion (from nucleotide 22 of Exon 3 to nucleotide 160 of Intron 3) (see Fig. 1 ). The rr48 allele has a substitution mutation, H208Y, in Exon 3 (see Fig. 1 ) and is a semidominant-negative mutation (10) . Wild-type N2 and aak-2 mutant worms were maintained at 20°C according to standard procedures except for experiments where a growth temperature of 25°C is specified. Temperature-sensitive par-4 mutants were maintained at 16°C and shifted to 25°C at the L1 stage when needed. The aak-1 expressed sequence tag clone, yk1173f11, was a generous gift from Dr. Yuji Kohara (National Institute of Genetics, Japan).
Mutant Out-cross-The aak-2(ok524) and aak-2(gt33) strains were out-crossed eight and three times, respectively, with the wild-type N2 strain. The aak-2(rr48), par-4(it57), and par-4(it47) strains were used as received from the C. elegans Genetics Center and have been previously out-crossed once for aak-2 and more than three times for both par-4 alleles. aak-1(tm1944) with a deletion of 618 bp was obtained from the National Bioresource Project (Japan), out-crossed three times with N2, and then crossed with aak-2(gt33) to generate the double mutant. We also made the aak-2(ok524);par-4(it57) double mutant.
Bacterially Mediated RNAi-A par-4 cDNA fragment was amplified by polymerase chain reaction from C. elegans cDNA using primers 5Ј-CCCGGGATGGATGCTCCGTCGACATC and 5Ј-TCTAGACTAAGCACTATCGGTACGAGAAC. cDNA was prepared using a Power cDNA synthesis kit (iNtRON Biotechnology) after oligo(dT) priming of total RNA isolated from C. elegans worms using TRIzol reagent (Invitrogen). The par-4 cDNA fragment was cloned into pGEM-T vector (Promega), and the 1.5-kb-long BamHI-BamHI fragment was inserted into the pPD129.36 vector, which contains convergent T7 polymerase promoters separated by a multicloning site. The recombinant DNA construct was transformed into Escherichia coli HT115(DE3) (20, 21) . Transformants were grown for 18 h in LB medium containing 50 g/ml ampicillin and seeded onto NGM plates supplemented with 50 g/ml ampicillin and 1 mM isopropyl ␤-D-thiogalactopyranoside. RNAi was performed at 25°C by placing L1 larvae on plates seeded with E. coli HT115(DE3) cells expressing doublestranded RNA of par-4.
Survival of C. elegans Worms in Paraquat-To collect synchronized eggs, gravid wild-type and mutant worms were placed on NGM agar plates seeded with E. coli OP50, allowed to lay eggs for 3-6 h, and removed from the plates. C. elegans L1 larvae were placed on NGM plates covered with an E. coli OP50 lawn and allowed to grow at 25°C to the young adult stage. For par-4 knockdown, wild-type N2 (or aak-2 mutant) worms were fed E. coli HT115(DE3) cells expressing cognate doublestranded RNA. The young adult worms were transferred to an M9 solution containing 100 mM paraquat (1,1Ј-dimethyl-4,4Ј-bipyridinium dichloride, Sigma-Aldrich) and incubated at 25°C. Dead worms were counted every 5 h up to the 20-h time point. Fifty worms from each strain were treated with paraquat, and the experiment was performed three times. Sensitivity to hydrogen peroxide (5 mM) was measured in the same way as for paraquat.
Western Blot Analysis-Wild-type N2, aak-2(gt33), aak-2(ok524), and the temperature-sensitive mutants par-4(it57) and par-4(it47) were grown at 25°C from the L1 stage until the second adult day. Adult worms were washed from six NGM plates (55-mm diameter) using phosphate-buffered saline with 0.1% Tween 20 and resuspended in the same buffer containing 100 mM paraquat, followed by incubation at 25°C for 2 h. After removing the supernatant, the worms were mixed with 2 volumes of 2ϫ sample loading buffer (200 mM Tris-Cl, pH 8.0, 500 mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100, and 0.4 mM phenylmethylsulfonyl fluoride) and boiled for 10 min. The worm lysate was electrophoresed on an 8% SDS-polyacrylamide gel and electroblotted onto a nitrocellulose membrane (Schleicher & Schüll). The membrane was incubated in a blocking solution containing anti-phospho-AMPK anti-rabbit antibody (1:300 dilution; Cell Signaling Technology) or anti-␣-tubulin mouse antibody (1:5000 dilution; Developmental Studies Hybridoma Bank) at 4°C overnight, followed by incubation with antimouse or anti-rabbit horseradish peroxidase antibody (1:5000 dilution; Jackson ImmunoResearch) for 1 h at 25°C. The ECL Western blotting analysis system (Amersham Biosciences) was used to detect the secondary antibodies on the membrane. Luminescence of the blot was captured using an LAS-3000 imaging system (Fujifilm).
GFP-tagged AAK-2 Expression in C. elegans-
The genomic aak-2 DNA fragment including the 2.0-kb upstream sequence and the transcribed region proximal to the stop codon was amplified from C. elegans genomic DNA using primers 5Ј-CTGCAGACCAAACGACCACTTCAAAAATTA and 5Ј-GGATCCAACGAGCCAGTGTTCCAATCAA. The 8.8-kb genomic aak-2 DNA fragment was cloned between the PstI and BamHI sites of the pPD95.75 plasmid DNA (from Dr. Andrew Fire, Stanford University). The recombinant plasmid DNA (20 g/ml) and pRF4 plasmid DNA (50 g/ml) were coinjected into adult N2 worms. Rolling and green fluorescent worms were selected and observed by fluorescence microscopy (DMR HC, Leica). To localize GFP expression in head neurons, transgenic animals were incubated in M9 buffer containing 10 g/ml DiI (Molecular Probes) for 2 h at room temperature and were then observed with a fluorescence microscope (AxioPhot2, Zeiss). To derive aak-2 expression in neurons, full-length aak-2 cDNA was fused to the 2.0-kb-long unc-119 promoter region and shuffled into pPD95.79 to obtain a C-terminal fusion with GFP. The resulting construct was first transformed into N2 and then aak-2(gt33) worms by crossing.
Behavioral Assays-To measure the frequency of body bending during locomotion, well fed worms on the first adult day (n Ͼ 30) were placed on NGM plates without food, and the number of sinusoidal curves made during locomotion was scored for 20 s (22) . Foraging behavior was scored according to the procedure of Kindt et al. (23) . Briefly, worms on the first day of adulthood (n Ͼ 60) were placed on NGM plates seeded with an E. coli OP50 lawn, and while moving forward, worms were touched behind the posterior pharynx bulb with a human eyelash. Touching induces backward movement and suppresses head oscillation in most wild-type worms. When at least two consecutive body bends occurred without foraging during the backward movement, foraging was scored as suppressed, as described by Kindt et al. (23) . Foraging and body bending assays were repeated twice for each animal.
RESULTS

AAK-2 Mutants Are Hypersensitive to Oxidative Stress-
Given that aak-2 worms show a reduced life span (9), a phenotype often correlated with oxidative stress, we directly tested the effect of oxidative stress on the survival of wild-type and aak-2 mutant worms. We used three different alleles of aak-2. The gt33 allele, which contains the largest deletion, was generated in this study (Fig. 1A) . When survival was measured after treating young adults with paraquat to generate superoxide anions in mitochondria (24) , all three aak-2 mutant worms showed hypersensitivity to paraquat (Fig. 1B) . The finding that the rr48 missense mutant was more sensitive to paraquat at the 10-h time point as compared with the two deletion mutants might be due to a previously reported partial dominant-negative effect of this point mutation likely affecting AAK-1 function (10) . To test whether aak-2 deficiency also confers hypersensitivity to another oxidative stress-inducing regimen, we compared the sensitivity of wild-type and gt33 worms to hydrogen peroxide, a molecule known to generate hydroxyl radicals (supplemental Fig. S1 ). In contrast to aak-2 alleles, paraquat hypersensitivity was not observed in the aak-1(tm1944) deletion mutant or upon RNAi-mediated knockdown of aak-1 (data not shown). However, an aak-1(tm1944);aak-2(gt33) double mutant showed enhanced paraquat sensitivity (Fig. 1C) , suggesting that there might be a partial redundancy between aak-2 and aak-1 and that aak-1 might be able to partially compensate for the absence of aak-2. A similar observation of distinct but overlapping functions of the two isoforms was previously made in relation to the inhibition of germ cell proliferation during dauer development (10) .
The LKB1 Homologue PAR-4 Phosphorylates AAK-2, and par-4 Deficiency Causes Hypersensitivity to Oxidative Stress-To determine whether the C. elegans LKB1 homologue PAR-4 (25) is the upstream kinase of AAK-2, we examined the phosphorylation status of AAK-2. The Western blot analysis of cell extracts was carried out using an antibody against phospho-Thr 172 of human AMPK ␣, a phosphorylation site that is embedded in a sequence conserved between human and worm AAK-2 ( Fig. 2A) . We observed a specific band at the predicted size of phospho-Thr 243 of the AAK-2 protein (corresponding to Thr 172 of the human AMPK ␣ subunit) upon Western blotting wildtype extracts of paraquat-treated worms. This signal was reduced to close to background levels in untreated worm extracts and was absent from paraquat-treated aak-2(gt33) and aak-2(ok524) worms (data not shown), indicating that the antibody specifically detects phosphorylated AAK-2. The band slightly below pAAK-2, with a molecular mass of ϳ68 kDa, is unspecific. To further show that the antibody specifically detects phospho-Thr 243 of AAK-2, we also blotted extracts from transgenic worms containing GFP-tagged AAK-2 and confirmed a band that was dramatically enhanced in extracts from paraquat-treated worms at the predicted molecular mass of the AAK-2::GFP fusion ( Fig. 2A) . Endogenous AAK-2 in the transgenic worms did not show any clearcut phosphorylation, likely because of competition between the endogenous and GFP-fused AAK-2 for a limited level of upstream kinase. To test whether AAK-2 phosphorylation depended on PAR-4, we took advantage of par-4 temperaturesensitive mutants. In the par-4(it57) (and also in the par-4(it47) mutant, data not shown), the paraquat treatment-dependent phosphorylation was significantly reduced at the non-permissive temperature (25°C), suggesting that the LKB1 homologue functions as an upstream kinase of AAK-2 (Fig. 2B) . Similarly, the phosphorylation of the AAK-2::GFP fusion protein after paraquat treatment was greatly suppressed by par-4 knockdown (Fig. 2B) , further confirming a crucial role of PAR-4 in the AAK-2 phosphorylation.
Given that AAK-2 phosphorylation depends on par-4, we wished to genetically determine whether par-4 might act in the same genetic pathway mediating resistance to oxidative stress as aak-2 and assessed whether par-4 depletion might confer paraquat hypersensitivity. We found that RNAi depletion of par-4 conferred paraquat hypersensitivity and that aak-2(gt33); par-4(RNAi) worms were no more sensitive to paraquat than aak-2(gt33) worms, suggesting that par-4 and aak-2 function in the same pathway (Fig. 2C) . Unexpectedly, the par-4(it57) mutant at 25°C, in contrast to par-4(RNAi), was not significantly hypersensitive to paraquat (supplemental Fig. S2 ). This difference between the par-4 mutation and the knockdown may be due to an only partially functional inactivation of par-4(it57) at the restrictive temperature. The double mutant aak-2(gt33);par-4(it57) was slightly more hypersensitive than aak-2(gt33) (supplemental Fig. S2) .
GFP-tagged AAK-2 Is Expressed in Several Tissues, Including Ventral Cord and Body Wall Muscle-In the transgenic
C. elegans line expressing the AAK-2::GFP fusion protein, expression was observed in the pharynx, the ventral cord, other neurons including the hermaphrodite-specific neuron (HSN), body wall muscles, the vulva, the excretory canal, and weakly in the intestine (Fig. 3) . A similar expression pattern was also reported in a global analysis of expression patterns that included an aak-2 promoter::gfp fusion (BC10615 and 10616 strains in WormBase) (26) . In ventral cord motor neurons, the protein was found in the axons and the cytoplasm of the cell bodies, where it accumulated in two foci (Fig. 3, A  and B) . The expression in the pharynx, ventral cord motor neurons, and body wall muscle cells suggests that AAK-2 plays important roles in cells that are associated with movement. GFP expression was also seen in the distal tip cells, spermatheca, and sheath cells (Fig. 3, D and E) . The GFP expression in distal tip cells, which produce a signal for germ cell proliferation, may be associated with the role of AAK-2 in inhibiting germ line proliferation in dauers (10) . The observation that aak-2 mutants have partial egg-laying defects (data not shown) could be explained by AAK-2 expression in hermaphrodite-specific neurons (Fig. 3C) . In addition, AAK-2 is expressed in vulva cells (Fig. 3A) .
aak-2 and par-4 Deficiencies Result in Slow Body Bending and Abnormal Modulation of Head Oscillation-Because
strong expression of the AAK-2::GFP fusion protein was observed in ventral cord motor neurons and at a lower level in body wall muscle, we compared the frequency of body bending in wild-type, aak-2(gt33), and par-4(it57) strains during locomotion (Fig. 4A) . The frequency of body bending was reduced by 30% in both mutants (p Ͻ 0.001), suggesting that the two proteins modulate neural and/or muscular activities. C. elegans worms oscillate their heads while foraging, but in response to gentle anterior touch, they generally move backwards and cease head oscillation. Both mutants also showed a reduced (p Ͻ 0.001) ability to suppress head oscillations when touched on the anterior side (Fig. 4A) . The fact that body bending and suppression of foraging during backward movement were affected to the same extent (p ϭ 0.19 and 0.30, respectively) in the two mutants agrees with the argument that the two affected genes function in the same genetic pathway. The tyraminergic neuron RIM and the backward locomotion command neurons AVA and AVD are involved in the suppression of head oscillations in response to anterior touch (27) . In the aak-2::gfp-overexpressing line, GFP was observed in the RIM neuron as well as in neighboring head neurons (supplemental Fig. S3A ), but we could not detect any expression in the AVA or AVD neuron. Other behaviors such as pharyngeal pumping, egg laying, and directional reversal of locomotion were unaffected in the two mutants (data not shown).
To test whether the abnormal behavior of the aak-2 mutants in Fig. 4A was due to neuronal defect, we expressed AAK-2::GFP in neurons using the pan-neuronal unc-119 promoter (supplemental Fig. S3 ) (28) . We observed that the attenuated body bending of aak-2(gt33) worms was partially reversed and that the failure to suppress foraging was completely reversed (Fig. 4B) . This suggests that expression of AAK-2 in neurons is essential for the modulation of foraging behavior during backward movement. The incomplete rescue of body bending implies that normal rates of body bending might also be controlled by AAK-2 expressed in nonneuronal tissues. We also observed that paraquat hypersensitivity of aak-2(gt33) worms was partially rescued FIGURE 2. Genetic interaction of aak-2 and par-4 in AAK-2 phosphorylation and worm survival after paraquat treatment. A, phosphorylation of AKK-2 after paraquat treatment of wild-type N2, an aak-2::gfp-overexpressing line, and aak-2(gt33). First-day adult worms were exposed to 100 mM paraquat for 2 h, and worm extracts were analyzed by Western blotting using antibodies to phospho-AMPK ␣ and ␣-tubulin as a loading control. Arrows indicate the positions of molecular mass standard proteins of 70 and 50 kDa. The band marked with an asterisk is present even in the aak-2 deletion mutant gt-33, indicating that it is unrelated to aak-2. B, phosphorylation of AAK-2 after paraquat treatment in N2 and par-4 mutant strains and of AAK-2::GFP with or without par-4 RNAi. Anti-GFP rabbit antibody (Santa Cruz Biotechnology) was used to probe AAK-2::GFP. ␣-Tub, ␣-tubulin. C, survival of C. elegans worms with single or double deficiency of aak-2 and par-4. C. elegans worms were incubated in 100 mM paraquat, and survival was scored at 5-h intervals. p Ͼ 0.05 for all pairs of single and double deficient strains at 10 and 15 h. Fifty worms were treated with paraquat for each strain, and the experiment was performed three times. Error bars are S.E.
by the pan-neuronal expression of AAK-2::GFP (data not shown).
DISCUSSION
In mammals, LKB1 is the major upstream kinase of AMPK (8, 13, 14) . In addition, activity of Ca 2ϩ / calmodulin-dependent protein kinase kinase ␤ on AMPK was observed in the absence of LKB1 (18) . In Drosophila, an LKB1 homologue was also demonstrated to be an upstream kinase of AMPK, which is essential for normal development and survival (7, 15) . In C. elegans, the LKB1 homologue PAR-4 has been proposed to function upstream of AAK-1 but in parallel with AAK-2 in suppressing germ cell proliferation in dauers (10) . However, we found in the present study that PAR-4 is the major upstream kinase of AAK-2, at least in the response to oxidative stress. We could not determine whether PAR-4 is also the upstream kinase of AAK-1 because the peptide sequence neighboring the phosphorylation site Thr 172 of mammalian AMPK ␣ is not conserved in AAK-1. AAK-2 contributes to the resistance of C. elegans to heat shock and the mitochondrial poison sodium azide as well as to the extension of life span (9) . Recently, overexpression of a constitutively active AMPK Y2 subunit was found to increase C. elegans life span as well as resistance to paraquat (29) . Both of these effects were dependent on DAF-16, a FOXO homologue, suggesting that activation of AAK-2 in response to oxidative stress is one mechanism leading to a longer life span (29) . In addition, AAK-2 was found to increase mitochondrial respiration and oxidative stress under glucose restriction, thereby leading to the extension of life span (30) .
We found that AAK-2 protein was restricted to the pharynx, ventral cord, body wall muscle, vulva, excretory cell, and somatic gonad, which is in contrast to the ubiquitous expression of vertebrate AMPK (31) . Such tissue-and cell type-specific expression suggests a more important role of AAK-2 in the neural and muscular systems than in the hypodermis. In the ventral cord, the protein was detected in the cytoplasm of axons and cell bodies but not within nuclei. In mammals, two isoforms of the AMPK catalytic subunit ␣ are localized in the cytoplasm, and a significant fraction of the ␣2 isoform is also present in nuclei (32) . Thus, AAK-2 in C. elegans differs from its mammalian homologue in terms of tissue-and cell type-specific localization as well as in its exclusive restriction to the cytoplasm. A crucial role of AMPK in protecting neurons under stress was demonstrated in the rat brain, where AMPK phosphorylates the R2 subunit of ␥-aminobutyric acid type B receptors, leading to slow synaptic inhibition (33) . In accord with the regulatory role of mammalian AMPK in neuronal synapses, we found that AAK-2 modulates body bending and foraging behavior via its expression in neurons. In summary, one of the C. elegans AMPK ␣ subunits, AAK-2, and the upstream kinase PAR-4 protect the animal from oxidative stress and modulate its motility and behavioral responses.
